Introduction
Aggregation of misfolded proteins and their sequestration into intracellular inclusions is a problem common to diseases of the central and peripheral nervous systems (Stefani and Dobson, 2003) . Charcot-Marie-Tooth disease type 1A (CMT1A) is a prevalent protein misfolding disease in humans characterized by progressive demyelination of peripheral nerves and associated neuromuscular deficits. During the last 10 years there have been many advances with the molecular diagnosis of CMT neuropathies; however, effective drug therapy is still not available (Pareyson and Marchesi, 2009 ). Duplications of, or point mutations within, the Peripheral Myelin Protein 22 (PMP22) gene are known to cause CMT1A (Shy et al., 2001 ) and other related neuropathies. PMP22 is a hydrophobic integral membrane glycoprotein that is mostly expressed by myelinating Schwann cells (SCs) (Naef and Suter, 1998) . Transgenic mice based on the overexpression of the human wild-type (Wt) PMP22 termed C22, and spontaneous mutant (L16P) Trembler J (TrJ), reproduce features of the human neuropathy and provide valuable experimental models to study disease pathogenesis (Suter et al., 1992; Huxley et al., 1996) .
PMP22 folds with only a modest efficiency under normal conditions (Sanders et al., 2001 ) and nearly 80% of the newly synthesized protein is rapidly turned over by the proteasome (Pareek et al., 1997; Notterpek et al., 1999) . In response to PMP22 overproduction and the L16P mutation, excessive or defective PMP22 polypeptides are targeted for degradation by the ubiquitinproteasome system and accumulate in cytosolic aggregates (Fortun et al., 2003 (Fortun et al., , 2005 (Fortun et al., , 2006 . Autophagic and lysosomal components as well as heat shock proteins (HSPs) are recruited to ubiquitinpositive PMP22 aggregates in nerves of C22 and TrJ mice, likely reflecting an attempt by the cells to clear them through alternate pathways. This sequence of events decreases the amount of PMP22 protein within the SC plasma membrane, and likely contributes to the pronounced demyelinating phenotype (Huxley et al., 1996 (Huxley et al., , 1998 Notterpek et al., 1997; Fortun et al., 2003 Fortun et al., , 2006 .
Promising therapeutic approaches for protein misfolding disorders, such as PMP22-associated-neuropathies, include increasing the synthesis of HSPs (Muchowski and Wacker, 2005) and stimulating autophagic protein degradation (Sarkar et al., 2009) .
In previous studies, we demonstrated that the activation of autophagy by amino acid and serum deprivation (Fortun et al., 2003 (Fortun et al., , 2007 , or intermittent-fasting, suppressed the accumulation of misfolded proteins within neuropathic SCs and improved myelination in TrJ mice ). Since such dramatic dietary restriction is not suitable for therapy in humans, here we asked whether pharmacological activation of autophagy within myelinating SCs could offer similar benefits. Rapamycin (RM), a macrolide antibiotic, is a widely used inhibitor of the mammalian target of rapamycin (mTOR) which induces autophagy in a variety of cell types (Sabers et al., 1995; Sarkar and Rubinsztein, 2008) . In this study, we show that autophagy is a critical pathway for RM-mediated myelin improvement in neuropathic SCs.
Materials and Methods
Mouse colonies. PMP22 overexpressor (C22) (Huxley et al., 1996) and spontaneous mutant TrJ (Suter et al., 1992) neuropathic mouse breeding colonies are housed under SPF conditions at the University of Florida, McKnight Brain Institute animal facility. The use of animals for these studies has been approved by an Institutional Animal Care and Use Committee. We used both male and female mouse embryos (E13) and pups (P6) to set up the dorsal root ganglion and Schwann cell cultures, respectively. Genomic DNA was isolated from tail biopsies of embryos and pups (Ͻ10 d old) and litters were genotyped by PCR (Huxley et al., 1996; Notterpek et al., 1997) .
Primary mouse SC cultures. SC cultures from genotyped postnatal day 6 Wt, C22 and TrJ mouse pups were prepared and maintained as described with slight modifications (Nicholson et al., 2001) . Nerves were dissected and enzymatically digested over a period of 2 h. The digestion medium consisted of DMEM/F12 with GlutaMAX-I (Invitrogen), 15% FBS (Hyclone), penicillin streptomycin (Invitrogen) and an enzyme mixture of 0.03% collagenase type III (Worthington), 0.1% hyaluronidase (Sigma-Aldrich) and 1.25 U/ml dispase (Worthington). Next, the cell suspensions were washed once and resuspended in culture medium (DMEM/F12 containing 15% FBS). Cells were then plated in drops on poly-L-lysine (Sigma-Aldrich)-coated plastic Petri-dishes and allowed to adhere overnight. The next day, cells were washed with DMEM/F12 followed by addition of DMEM/F12 containing 15% FBS, 10 M antimitotic agent cytosine ␤-D-arabinofuranoside (Sigma-Aldrich), to eradicate contaminating fibroblasts. After two 48 h periods of antimitotic treatments, given on alternate days, standard growth medium [DMEM/ F12 containing 10% FBS, 10 g/ml bovine pituitary extract (Biomedical Technologies), and 2.5 M forskolin (Calbiochem)] was added and the cells were allowed to proliferate for 2 d to reach 80% confluency.
Autophagic flux measurement. Rapamycin (RM) (Calbiochem) was dissolved in ethanol vehicle and 0.5 mM stocks were stored at Ϫ80°C. Chloroquine (CQ) (Sigma-Aldrich) was dissolved in water to a stock of 50 mM and aliquots were stored at Ϫ80°C. SCs were treated with vehicle control (Ct) or RM at a final concentration of 25 nM, either in the presence or absence of CQ for 48 h. Following this, the cultures were lysed and analyzed for microtubule-associated protein light chain 3 (MAP-LC3, from here on referred to as LC3) by Western blots. A statistically significant increase in LC3 II band intensity in RMϩCQ compared with CtϩCQ samples indicates an enhanced autophagic flux and signifies that the pathway attains completion (Mizushima and Yoshimori, 2007) .
Metabolic labeling and 35 S-pulse studies. SCs were treated with Ct, RM (25 nM) for 48 h or positive control cyclohexamide (Tocris Bioscience) (Chx, 100 g/ml) for 12 h. During the last 1.5 h of incubation, the cells were starved in methionine-and cysteine-free media with or without RM for 1 h. Following this, a 30 min pulse of medium containing 0.25 mCi/ml trans-35 S (ICN Biochemicals) was added. After lysis in RIPA buffer (Pareek et al., 1997) , proteins were precipitated with 5% trichloroacetate and bound 35 S-radioactivity was counted in a scintillation counter (LS6500, Beckman Coulter). The counts per minute per micrograms of protein (cpm/g protein) were quantified from triplicate experiments. Simultaneously, equal amounts of proteins were separated by SDS-PAGE and the gels were dried and treated with AMPLIFY (GE Healthcare). Dried gels were exposed to Classic autoradiography film (Molecular Technologies) at Ϫ80°C. Densitometry was performed on the trans-35 Slabeled protein bands using Scion Image software. Quantification was performed from triplicate experiments and statistical analysis was performed by Student's t test using GraphPad Prism.
Dorsal root ganglion (DRG) explant cultures and RM treatment paradigms. DRG explant cultures were established from Wt, C22 and TrJ mouse embryos as described previously (Fortun et al., 2006) . Cultures were exposed to RM (25 nM) for the indicated time points (see Fig. 3A) , including the last 8 h before analysis by immunostaining and Western blots. SC-depleted neuronal cultures (Einheber et al., 1993) were treated for 48 h with RM (25 nM) or vehicle.
Lentiviral transduction of mouse SCs, DRG explants, and SC-depleted neuronal cultures. Prepackaged lentiviral particles were purchased from a commercial provider (Santa Cruz Biotechnology), which either encoded a nontargeting shRNA (negative shRNA) (catalog # sc-108080), or a sequence specifically targeting mouse Atg12 (catalog # sc-72579-V). For viral infection of isolated mouse SC cultures, 48 h after the last antimitotic treatment, the cells were gently washed and the media was replaced with SC culture media containing 5 g/ml Polybrene (Santa Cruz Biotechnology, catalog # sc-134220). The SCs were then exposed to ϳ1.0 ϫ 10 5 infectious units of virus per 6 cm plate of cells for 48 h. Since the lentiviral shRNA particles also encode for a puromycin resistance gene for transduction selection, the cells were then washed and grown in culture media containing 10 g/ml puromycin dihydrochloride (Sigma, catalog # P9620) for an additional 48 h. The SCs were allowed to recover and proliferate for 1 week before treatment with RM and then processed for analyses.
For the Atg12 knock-down experiments in DRGs, negative (Neg.) or Atg12 shRNA lentiviral particles were combined with the explants from Wt, C22 or TrJ mouse embryos at the time of plating. Each individual culture was transduced with ϳ7.5 ϫ 10 4 infectious units of virus. Following transduction, cultures expressing either Neg. or Atg12 shRNA were subjected to the late RM treatment paradigm (see Fig. 3A ). Each shRNA transduction experiment was performed at least three times from independent DRG isolations. For Atg12 knock-down of SC-depleted neurons, the DRGs were transduced as mentioned above, followed by elimination of SCs to obtain pure neuronal culture (Einheber et al., 1993) . Subsequently, the neurons were treated with RM.
To monitor the lentiviral transduction efficiency and transgene expression for the duration of the experiments, we incubated additional subsets of DRG explants with lentiviral particles encoding a green fluorescence protein (GFP) reporter (catalog # sc-108084). Transduction efficiency was obtained as the ratio of the number of GFPϩ to total number of cells, from eight random visual fields from three independent culture experiments.
Biochemical studies. Control and RM-treated samples were lysed and processed for Western analyses. The processing of PMP22 was assessed by treatment of the protein lysates with PNGaseF (N) or endo-H (H) (New England Biolabs) (Pareek et al., 1997) . To detect PMP22, a 1:1 mixture of two rabbit polyclonal antibodies, developed against a peptide corresponding to the second extracellular loop of the human or the rat PMP22, was used (Pareek et al., 1997; Fortun et al., 2006) . For the detection of protein zero (P0) we used a previously characterized mouse monoclonal antibody (Archelos et al., 1993) . All other commercially available primary antibodies are listed in supplemental Table 1 , available at www.jneurosci.org as supplemental material. For the Western blots, bound primary antibodies were detected with appropriate HRP-linked secondary antibodies and visualized using the enhanced chemiluminescence detection kit (PerkinElmer Life Sciences). Films were digitally imaged using a GS-710 densitometer (Bio-Rad Laboratories) and densitometric analysis of scans from three independent experiments was performed using Scion image software. Statistical significance was determined by Student's t test using GraphPad Prism.
Immunolabeling studies. Myelinating DRG explant cultures on glass coverslips were fixed, permeabilized and processed for immunostaining with anti-MBP antibodies (Amici et al., 2007) . Bound primary antibodies were detected with Alexa Fluor 594 goat anti-rat IgGs (Invitrogen). Hoechst dye (Invitrogen) was included in the secondary antibody solution to visualize nuclei. Coverslips were mounted using the ProLong Antifade kit (Invitrogen). Samples were imaged with an Olympus 1X81-DSU spinning disk confocal microscope and were formatted for printing by using Adobe Photoshop 5.5.
Quantification of myelin internode abundance and lengths. DRG explant cultures were subjected to the treatment paradigms described above and immunostained with an anti-MBP antibody to label internodal myelin segments (Amici et al., 2007) . The abundance of myelin internodes was counted as the number of MBPϩ internodal segments per 0.1 mm 2 area from three independent experiments, and eight random visual fields per condition (see Fig. 3A ). Internode lengths from the same experiments were measured with Spot RT software (Diagnostic Instruments). Measurements were collected from three coverslips per genotype per treatment paradigm (n ϭ 130 -260). Statistical significance was determined by Student's t test using GraphPad Prism software.
Results

Rapamycin activates autophagy in primary mouse SCs
The activation of autophagy by dietary restriction is able to suppress the formation of PMP22 aggregates and stimulate myelin formation in TrJ mice ). To enhance autophagy by pharmacologic means, we exposed mouse SCs to varying doses (10 -500 nM) of RM (Sarkar and Rubinsztein, 2008) . After 6 h incubation, mTOR complex 1 (mTORC1) activity was monitored by the dephosphorylation of phosphorylated S6 (pS6) ribosomal protein and the activation of autophagy via the lipidation of LC3 (Fig. 1 A) . During autophagy, a cytosolic form of microtubule-associated protein light-chain I (LC3 I) is lipidated to form LC3 II, which is recruited to autophagosomal membranes (Yang and Klionsky, 2009 ). Autophagosomes fuse with lysosomes and captured intra-autophagosomal components are degraded by lysosomal hydrolases along with LC3 II (Mizushima and Yoshimori, 2007) . Based on the observed response, we chose the 25 nM concentration for all subsequent studies as it was the lowest dosage that consistently activated autophagy within SCs ( Fig. 1 A-C) . To optimize the frequency of the treatment, the activation of autophagy in SCs from Wt and C22 mice over a 2-48 h period was examined ( Fig. 1 B, C) . In addition to the dephosphorylation of pS6, and the conversion of LC3 I to LC3 II (lipidated form), we analyzed p62, an autophagy substrate that aids the degradation of poly-ubiquitinated (pUb) proteins (Komatsu and Ichimura, 2010) . As shown on the Western blots, RM exposure activates autophagy for at least 48 h in cells from both Wt (Fig. 1 B) and C22 ( Fig. 1C) mice, leading to a pronounced increase in the ratio of lipidated LC3 II/LC3 I and a decrease in p62. Quantification of three experiments indicate that this effect is consistent among independent primary cultures ( Fig. 1 B, C , right, **p Ͻ 0.01, *p Ͻ 0.05).
Exposure of certain cell lines to RM at 100 nM concentration can lead to dephosphorylation of Akt (at Ser473) through the mTOR complex 2 (mTORC2) pathway (Sarbassov et al., 2006) , and phosphorylated Akt (pAkt) (Ser473) is essential for myelination in peripheral nerves (Wakatsuki et al., 2009 ). Hence, we analyzed the SC lysates treated with RM (25 nM) for 2, 4, 6, 8, 24, and 48 h for pS6 and pAkt (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). The downstream substrate of mTORC1, namely pS6, is almost completely dephosphorylated in response to RM treatment at 48 h (supplemental Fig. S1 A, B, available at www.jneurosci.org as supplemental material). In contrast, we found only a slight decline in the levels of pAkt over the 48 h treatment period, an effect that did not reach statistical significance (supplemental Fig. S1C , available at www. jneurosci.org as supplemental material). These data suggest that under the described conditions RM acts primarily via the mTORC1 complex within primary mouse SCs.
To assess autophagic flux, a subset of samples were cotreated with RM and chloroquine (CQ), which inhibits the degradation of LC3 II by lysosomal hydrolases (Maiuri et al., 2007; Mizushima and Yoshimori, 2007) . As shown on the blot, the simultaneous exposure of SCs to RM and CQ leads to a 2.8-fold (2.88 Ϯ 0.40) increase (**p Ͻ 0.01, t test, n ϭ 4) in LC3 II, compared with CQ alone. In agreement with the elevated basal lysosomal activity in neuropathic samples Fortun et al., 2006) , the response of C22 SCs to CQ alone is more robust than those of Wt. Still, we detected a 2.5-fold (2.57 Ϯ 0.49) increase (*p Ͻ 0.05, t test, n ϭ 3) in LC3 II levels upon cotreatment. These data indicate that while the basal level of autophagy is distinct between Wt and neuropathic samples, RM enhances the response in both cell types.
To further substantiate the activation of autophagy by RM in SCs, we used lentivirus-mediated knockdown of the autophagy related gene 12 (Atg12), which is known to prevent the elongation of the autophagosome and curtail autophagy (Dreux et al., 2009 ). To control for any off-target effects of shRNA transduc- Figure 1 . Rapamycin effectively induces autophagy in cultured mouse SCs in a dose-and time-dependent manner. A, For the RM dose-response, the expression levels of pS6, S6, LC3 I and LC3 II proteins were monitored in SCs from Wt mice via Western blots. Lysates of Ct and 4 h starvation (Stv) medium-treated cells were included as negative and positive controls, respectively. B, For the time course studies in SCs from Wt mice, the levels of pS6, S6, LC3 I, LC3 II and p62 were analyzed after treatment with Ct (Ϫ) or 25 nM RM (ϩ) for the time points 2, 6, 24, 48 h. The ratios of LC3 II to LC3 I band intensities measured from Western blots of Wt cell lysates treated with Ct (Ϫ)or25nM RM (ϩ) for 48 h are shown. (**p Ͻ 0.01, t test, mean Ϯ SEM, n ϭ 3). Quantification for p62 band intensities normalized to GAPDH in SCs from Wt mice treated with Ct (Ϫ) or 25 nM RM (ϩ) for 48 h is shown (*p Ͻ 0.05, t test, mean Ϯ SEM, n ϭ 3). C, Time course studies in SCs from C22 mice, analyzed for the same proteins and time points as in B after treatment with Ct (Ϫ) or 25 nM RM (ϩ).The ratios of LC3 II to LC3 I band intensities measured in SCs from C22 mice treated with Ct (Ϫ)or25nM RM (ϩ) for 48 h are shown. (*p Ͻ 0.05, t test, mean Ϯ SEM, n ϭ 3). Quantification for p62 band intensities normalized to GAPDH in C22 samples in C at 48 h is shown (*p Ͻ 0.05, t test, mean Ϯ SEM, n ϭ 3). A-C, GAPDH is the protein loading control. AU, arbitrary units. Molecular mass in kDa.
tion, control Neg. lentiviral particles were used. Following Neg. or Atg12 shRNA transduction, SCs from Wt and C22 mice were treated with RM (25 nM, 48 h) (Fig. 2 B) . Upon analysis of the protein lysates, the steady-state levels of the covalently linked Atg12-Atg5 functional conjugates are reduced in samples transduced with Atg12 shRNA, both in the absence and presence of RM (Fig. 2 B) . Quantification from independent experiments shows an ϳ50% reduction in Atg12-Atg5 conjugate (*p Ͻ 0.05, n ϭ 3), which confirms efficient knock-down. We monitored the activity of RM in the transduced samples by the dephosphorylation of pS6. While the increase in LC3 II/LC3 I ratio and the decrease in p62 with RM treatment is reproducible in the Neg. shRNA-treated cells, in Atg12-deficient samples autophagy is hindered, as reflected by the accumulation of p62 and reduced conversion of LC3 I to LC3 II (Dreux et al., 2009) (Fig. 2 B) . The decline in LC3 II/LC3 I ratios is consistent among independent experiments (*p Ͻ 0.05, **p Ͻ 0.01, n ϭ 3).
The intracellular retention of PMP22 in samples from C22 mice is associated with the accumulation of pUb proteins and impairment of proteasome activity (Fortun et al., 2006) . Hence, we asked whether RM-activated autophagy could suppress the accrual of pUb substrates within the same cells that were analyzed in Figure 2 B. The Atg12 knockdown in Wt and C22 samples (Fig.  2 B) resulted in a slight increase in pUb proteins, which did not attain statistical significance. With RM treatment, we detected a slight reduction in slow-migrating pUb proteins in Wt samples; however, this change was more pronounced in cells from neuropathic mice (Fig. 2C) . As reported previously (Fortun et al., 2006) , semiquantitative analyses confirmed the accumulation of pUb proteins in Neg. shRNA-treated C22 SCs, compared with Wt (*p Ͻ 0.05, n ϭ 3), and an ϳ50% reduction by RM (*p Ͻ 0.05, n ϭ 3). Notably, the reduction in pUb substrates by RM is attenuated in Atg12-deficient cells, an effect that is more pronounced in C22 (Fig. 2C ,*p Ͻ 0.05, n ϭ 3). As high concentration of RM treatment (200 nM) is known to have an effect on global protein synthesis (King et al., 2008) , we performed 35 S-pulse labeling and autoradiography (Pareek et al., 1997) . Analyses of autoradiographs (supplemental Fig. S2 A, C, available at www.jneurosci.org as supplemental material) and quantifications of protein bound 35 S (supplemental Fig. S2 B, D , available at www.jneurosci.org as supplemental material) reveal that 48 h exposure to RM reduces new protein synthesis by ϳ40% in the Wt and by ϳ30% in C22 SCs, which is less than the observed decrease in pUb proteins. Together, these results support the notion that RM promotes the clearance of pUb proteins from neuropathic SCs predominantly through the autophagic pathway.
Myelin production in C22 neuropathic samples is enhanced by rapamycin DRG explant cultures from C22 neuropathic mice are impaired in their ability to make myelin (Fortun et al., 2006; Rangaraju et al., 2008) , therefore serve as an ideal model to test potential therapeutic compounds for enhancing myelination. Control samples Ct* and Ct** were obtained on days in vitro (DIV) 9 and 15, respectively, either 2 or 8 d post-ascorbate, which time points coincided with the initiation of early and late RM exposures (Fig.  3A) . Ascorbate is necessary for the initiation of myelination (Eldridge et al., 1987) and was included in all of our experiments. As expected from previous in vivo and in vitro studies (Huxley et al., 1996; Fortun et al., 2006) , whole protein lysates of vehicle-treated neuropathic cultures harvested on DIV24 contain low levels of myelin proteins, compared with Wt (Fig. 3 B, C) . However, in response to RM they show an increase in the steady-state expression of both myelin basic protein (MBP) and protein zero (P0) (Fig. 3 B, C) . The effect is more pronounced when the cultures were analyzed after the late treatment paradigm, as seen from quantification of three independent experiments (supplemental or with (ϩ) the lysosomotropic alkaline CQ. The level of autophagy markers LC3 I (arrow) and LC3 II (arrowhead) were determined by Western blots. For the C22 samples, a higher exposure (high exp.) blot for LC3 is shown to visualize LC3 I levels. B, SCs from Wt and C22 mice were exposed to lentiviral particles encoding Neg. or Atg12 shRNA followed by treatment with vehicle (Ϫ) or RM (ϩ). The lysates were probed for Atg12-Atg5 conjugate, pS6, S6, LC3 and p62 proteins. Semiquantitative analysis for LC3 II/ LC3 I ratio in B is shown. The value of LC3 II/LC3 I in Ct samples treated with Neg. shRNA was set as 1 ( p ϭ 0.0828, *p Ͻ 0.05, **p Ͻ 0.01, t test, mean Ϯ SEM, n ϭ 3). C, The steady-state levels of slow-migrating pUb proteins in the same lysates in B of SCs from Wt and C22 mice are shown. Quantification of pUb/GAPDH in A. The value of pUb/GAPDH in Wt was set as 1 (*p Ͻ 0.05, **p Ͻ 0.01, t test, mean Ϯ SEM, n ϭ 3). B, C, GAPDH is a loading control. AU, arbitrary units. Molecular mass in kDa. Fig. S3 , available at www.jneurosci.org as supplemental material). These data also show that RM exposure enhanced myelin protein synthesis by Wt SCs, which is nearly significant in the late treatment paradigm.
We confirmed the positive effect of RM on myelination by immunostaining DRG explant cultures with an anti-MBP antibody (Fig. 4) . Cultures from Wt mice contain numerous MBP-positive myelin internodes, while C22 explants form only a few shortened internodes (Fortun et al., 2006) . Significantly, RM treatment of affected cultures is associated with a dramatic improvement in the number and length of myelin internodes, as shown on the confocal images (Fig. 4 A) . The characteristic, railroad-like appearance of myelin tracks is displayed in the enlargements in each of the panels (Fig. 4A , insets, 3ϫ magnification). Quantifications of the number (Fig. 4B ) and length ( Fig. 4C ) of myelin internodes reveal highly significant improvements in samples from neuropathic mice, after both early and late RM treatments (***p Ͻ 0.001, n ϭ 3). Wt DRGs show a slight, but not significant increase in the number of myelin internodes with the intervention [ Fig. 4B , not significant (n.s), n ϭ 3]; however, the lengthening of internodal myelin is significant for both early and late treatment paradigms (Fig. 4C , *p Ͻ 0.05, n ϭ 3)].
Autophagy is a critical pathway for the myelin-promoting effect of rapamycin
To assess the contribution of the autophagic pathway to the observed beneficial effects on myelination, we used lentiviralmediated shRNA gene ablation of Atg12 (Dreux et al., 2009 ) in DRG explants (Bolis et al., 2009 ). First, we transduced DRG explants with lentiviral particles carrying a GFP reporter and visualized the long-term efficiency of transduction by direct GFP fluorescence (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). The transduction efficiency in DRG cultures on DIV11 (supplemental Fig. S4A , available at www.jneurosci.org as supplemental material) was nearly 65% (64.66 Ϯ 9.04), and remained ϳ62% (62.23 Ϯ 11.88) on DIV26 (supplemental Fig. S4B , available at www.jneurosci.org as supplemental material). After establishing that lentivirus-mediated shRNA transduction is sustained throughout our myelinating culture paradigm, Neg. and Atg12 shRNA transduced Wt and C22 explants were treated with Ct or RM as described in Figure 3A . Similar to the nonmyelinating SCs (Fig. 2) , the steady-state levels of the covalently linked Atg12-Atg5 conjugate are reduced by ϳ50% in all samples transduced with Atg12 shRNA (*p Ͻ 0.05, n ϭ 3), both in the absence and presence of RM (Fig. 5A) . Within the same samples, the reduction in Atg12 is associated with a decrease in LC3 II/LC3 I ratios (Fig. 5A) , as seen in the nonmyelinating samples (Fig. 2) .
To verify the requirement for intact autophagy in RM-mediated myelin improvement in neuropathic samples, we analyzed the levels of MBP and P0 within cultures from independent isolations (Fig.  5A) . Analyses of MBP levels normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) reveal that downregulation of Atg12-Atg5 conjugate protein did not have a statistically significant effect on base-line MBP expression in Wt and C22 samples (Fig.  5B, n ϭ 3) . However, the effect of RM to slightly improve MBP levels in Wt DRGs (see supplemental Fig. S3 , available at www.jneurosci. org as supplemental material), in this case transduced with Neg. shRNA, is reproducible (Fig. 5B , left, p ϭ 0.0569). As seen previously (Fig. 6B) , we detected a pronounced increase in MBP levels with RM treatment in Neg. shRNA transduced C22 samples, which is largely abolished by the reduction of Atg12 (Fig. 5B , right,*p Ͻ 0.05, n ϭ 3). Similar to MBP, the RM-mediated improvements in P0 expression are attenuated by Atg12 deficiency (Fig. 5 A, C, *p Ͻ 0.05, n ϭ 3). Together, these results indicate that an intact autophagic pathway is necessary for the myelination-promoting activity of RM.
As the myelinating explants contain DRG neurons, we tested the response of SC-depleted Wt and C22 neuron cultures (Einheber et al., 1993) to RM (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). While RM is active in neurons, as judged from the pronounced dephosphorylation of pS6, the induction of autophagy in Neg. shRNA cultures is less apparent as deduced from p62 and LC3 levels (supplemental Fig. S5A , available at www.jneurosci.org as supplemental material). Quantification of the LC3 II/LC3 I ratios indicate that peripheral neurons are less responsive to RM (supplemental Fig. S5B , available at www.jneurosci.org as supplemental material) compared with SCs (Fig. 2 B) . The inhibition of Atg12 by shRNA (*p Ͻ 0.05, n ϭ 3) results in a pronounced upregulation of p62 and reduction in LC3 II, indicating that basal neuronal autophagy is attenuated by ϳ40 -50% (supplemental Fig. S5A , available at www.jneurosci.org as supplemental mate- . Asterisks indicate the DIV at which the control samples Ct* and Ct** were obtained. For early RM treatment (a), starting on DIV9, or for late treatment (b) starting on DIV15, a pulse of RM (green arrows) was given for 48 h, followed by 48 h washout (wo, black arrows). This sequence was repeated and a third RM treatment (8 h) was given before analysis (arrowhead). B, C, DRG explants from Wt and C22 mice were treated with RM as indicated and whole protein lysates were analyzed for the myelin proteins, MBP and P0. The main isoforms of MBP are marked. Tubulin is shown as protein loading control. Molecular mass in kDa. rial). Together, these studies indicate that basal autophagy, as well as RM-induced activation of this pathway is less robust within DRG neurons compared with SCs.
Activation of autophagy improves PMP22 trafficking
The accumulation of endo-H-resistant PMP22 at the SC membrane correlates with myelin synthesis (Pareek et al., 1997; Notterpek et al., 1999) . Therefore, in addition to measuring the overall levels of PMP22 in our samples, we determined the subcellular trafficking of the protein (Fig. 5A) . Consistent with the improvements in myelination (Figs. 3, 4) , the overall levels of PMP22 are increased in neuropathic samples after early and late RM exposure (Fig. 6 A) . Significantly, we detected an increase in the fraction of endo-H-resistant PMP22 in RM-treated cultures, compared with vehicle. Since PMP22 exists in various glycosylated forms, we used N-glycosidase (PNGase F) to confirm that the identified protein bands are indeed PMP22 (Pareek et al., 1997) . The C22 samples contain high levels of endo-H-sensitive PMP22 as detected by 35 S-pulse labeling studies (Fortun et al., 2006 ) and on Western blots using an antibody against PMP22 (Pareek et al., 1997) . As a result, the C22 samples have a low ratio of endo-H resistant to endo-H-sensitive PMP22 in the nerves and in the DRG explants, compared with Wt (Fortun et al., 2006; Rangaraju et al., 2008) . There is a slight increase in the endo-H-resistant fraction of PMP22 in the Wt samples after early and late RM treatment, however, it is not significant ( p ϭ 0.0576, p ϭ 0.0855, n ϭ 4). In C22 neuropathic samples, semiquantitative analyses of three independent experiments confirmed the reduced levels of endo-H-resistant PMP22, compared with Wt (Fig. 6 B, ***p Ͻ 0.001, n ϭ 3-4) (Fortun et al., 2006) , and its improvement after RM exposure at both early and late RM treatments (Fig. 6 B, **p Ͻ 0.01, n ϭ 3). Concurrently, the endo-H-sensitive PMP22 fraction in C22 samples decreases significantly (Fig. 6 B, ## p Ͻ 0.01, n ϭ 3) with RM treatment, suggesting the removal of immature PMP22 through the autophagy pathway. These results indicate that enhancement of autophagy within C22 neuropathic SCs is associated with an improvement in myelin formation and the subcellular processing of PMP22 (Figs. 3, 4) .
The positive effect of RM is not genotype specific
A suitable therapeutic agent for hereditary neuropathies would not be genotypespecific, but rather show efficacy in multiple models. To assess whether RM could be beneficial for PMP22 point mutant neuropathies, we performed studies with SCs and myelinating explant cultures from TrJ mice (Fig. 7) . Similar to the C22 model, DRGs from TrJ mice were incubated with RM at early or late stages of myelination and analyzed for MBP and P0 (Fig. 7A) . Myelinating explants from TrJ mice respond positively to RM and show an increase in the steady-state levels of MBP and P0 (Fig. 7 A, B) . In agreement, DRG cultures immunolabeled with an MBP antibody reveal a pronounced increase in MBP-positive myelin segments in response to treatment (Fig.  7C) . Quantification from three independent experiments reveals a significant improvement in the number (Fig. 7D , ***p Ͻ 0.001, n ϭ 3) and length (Fig. 7E , **p Ͻ 0.01, n ϭ 3) of myelin internodes, compared with vehicle. We confirmed the autophagic response in TrJ SCs, by analyzing protein lysates for pUb and LC3 after 48 h treatment with RM (supplemental Fig. S6 A, available at www.jneurosci.org as supplemental material). As seen with the C22 sample (Fig. 2C) , treatment with RM promotes a significant reduction in slow-migrating pUb substrates (supplemental Fig.  S6 B, available at www.jneurosci.org as supplemental material) and an approximately twofold increase in LC3 II/LC3 I ratios (supplemental Fig. S6C , available at www.jneurosci.org as supplemental material). Therefore, RM is an effective enhancer of autophagy in SCs from TrJ mice and improves their myelination capacity when in neuronal contact.
To test whether the TrJ samples improve myelination as a result of the activated autophagy by RM treatment, we again performed shRNA-mediated inhibition of Atg12, as described in Figure 5 . Analyses of the protein lysates at the end of the paradigm reveal a decline (*p Ͻ 0.05, n ϭ 3) in the steady-state levels of Atg12-Atg5 conjugate, both in the absence and presence of RM (Fig. 7D) . The reduction in Atg12 did not alter the level of MBP Figure 4 . The abundance and length of myelin internodes are increased by rapamycin. A, Explant cultures from Wt and C22 mice were treated with Ct or RM at late stage, as described in Figure 3A , and stained for MBP (green) to visualize myelin. Scale bar, 40 m. Hoechst dye stains the nuclei (blue). B, The abundance of myelin internodes was quantified in a fixed area [p Ͼ 0.2, not significant (n.s); ***p Ͻ 0.001, t test, mean Ϯ SEM, n ϭ 3). C, The lengths of the myelin internodes (n ϭ 130 -260) were measured and quantified in three independent experiments (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, t test, mean Ϯ SEM).
significantly in vehicle-treated TrJ samples (Fig. 7C, n ϭ 3 ) and as shown (Fig. 7A) , RM treatment enhanced MBP expression in Neg. shRNA transduced explants (Fig. 7E , **p Ͻ 0.01, n ϭ 3). Significantly, this benefit is attenuated by the knockdown of Atg12 (Fig. 7E , *p Ͻ 0.05, n ϭ 3). P0 follows a similar pattern of expression as MBP in response to the aforementioned RM treatment (Fig. 7D) , which underscores the requirement for autophagy in myelin improvement.
Discussion
Hereditary neuropathies are common among the population, yet treatment options for affected individuals are limited. Currently, there is no effective drug therapy for CMT1A neuropathies and supportive care is limited to rehabilitation and surgical treatments (Pareyson and Marchesi, 2009) . A recent 12-month clinical trial with ascorbic acid did not produce positive results, as efficacy of this antioxidant was not shown (Micallef et al., 2009 ). Here we tested RM, a widely used therapeutic compound for its ability to enhance autophagic response within neuropathic SCs, and improve their capacity to myelinate. We show that RM effectively activated autophagy in mouse SCs and lead to a significant reduction in pUb substrates in an autophagy-dependent manner. SCs from neuropathic mice responded to low concentrations (25 nM) of RM and produced more myelin, compared with vehicle controls. Significantly, RM improved myelination by SCs from two genetically distinct neuropathic models, including the gene duplication (C22) and the point mutation (TrJ) genotypes. Inhibition of a key autophagy gene abolished the improvements in myelination by RM in both C22 and TrJ models, suggesting a crucial role for autophagy in this beneficial effect.
CMT1A neuropathies associated with PMP22 gene duplication or mutations share characteristics with protein misfolding disorders, including the accumulation of ubiquitin-reactive protein aggregates and alterations in chaperone levels (Winklhofer et al., 2008) . Once protein aggregates form they can interfere with essential cellular functions, such as myelination in the case of SCs. In this study, the reduction in pUb substrates with RM treatment is evident in SCs from both neuropathic models. The decline in Figure 5 . Atg12 is necessary for the myelin improvement by rapamycin. A, Wt and C22 DRG explants were transduced with scrambled Neg. shRNA or Atg12 shRNA. The shRNA transduced DRGs were given a late treatment (Fig. 3A) with Ct or RM, as indicated. Western blot analyses for Atg12-Atg5 conjugate, LC3 I and LC3 II and myelin proteins MBP, P0 are shown. Values of LC3 II/ LC3 I ratios at the end of the treatment paradigm is indicated below the representative blot. The value of LC3 II/LC3 I in Ct samples treated with Neg. shRNA was set as 1. GAPDH serves as protein loading control. Molecular mass in kDa. B, Semiquantitative analysis of MBP protein levels in Wt (left) and C22 (right) explants normalized to GAPDH. The value of MBP/GAPDH in Ct samples transduced with Neg. shRNA was set as 1 (n.s, not significant, p ϭ 0.0569, *p Ͻ 0.05, t test, mean Ϯ SEM, n ϭ 3). C, Quantification of P0 protein levels in Wt (left panel) and C22 (right panel) samples normalized to GAPDH. The value of P0/GAPDH in Ct samples transduced with Neg. shRNA was set as 1 (n.s, not significant, p ϭ 0.0540, *p Ͻ 0.05, t test, mean Ϯ SEM, n ϭ 3). AU, arbitrary units. the accumulation of pUb substrates is contingent upon the autophagy pathway (Fig. 2C ) and may help in alleviating the burden on the proteasome (Fortun et al., 2005) , which is the main degradative mechanism for the removal of newly synthesized PMP22 (Pareek et al., 1997) . The concomitant decrease in p62 (Fig. 2 B) along with pUb ( Fig. 2C ) in response to RM treatment in an autophagy-dependent fashion supports the idea that pUb substrates were indeed degraded by autophagy. Nonetheless, as RM reduces de novo protein synthesis in neuropathic SCs by ϳ30% (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material), the observed 50% decrease in the levels of pUb substrates may have been assisted by this global affect. Restoration of protein homeostasis, including the improvement in the processing of PMP22 (Fig. 6 ) would likely provide a more permissive environment for myelination by SCs from neuropathic mice. Since P0 and MBP are coexpressed with PMP22 in myelinating SCs (Kuhn et al., 1993) , and PMP22 and P0 are known to interact (Hasse et al., 2004) , the improvement in PMP22 processing by RM most likely contributed to the concomitant increase in the expression of P0 and MBP (Figs. 3, 5, 7) .
Compounds that enhance the activity of intracellular quality control mechanisms are possible treatment approaches for protein aggregation disorders. The roles of the chaperone and autophagy pathways in peripheral nerve biology have been less studied compared with neurons and glia of the CNS, nonetheless a decline in the activity and/or efficiency of protein-folding and/or degradation mechanisms likely contribute to age-associated degenerative changes in myelinated peripheral nerves (Verdú et al., 2000; Rangaraju et al., 2009 ). In a previous study, we chose the intermittent fasting regimen as proof-of-principle intervention to activate chaperones and autophagy in neuropathic mice . After a 5-month-long intervention, diet restricted mice showed an improvement in locomotor performance and myelination, compared with ad libitum fed littermates. Since such drastic dietary restriction is not suitable for humans, compounds that enhance chaperone production and/or autophagy will be more attractive for future therapies.
Autophagy is a particularly appealing target for therapeutic development for neurodegenerative diseases which are progressive with age, as activation of autophagy in normal aged mice appears to extend lifespan without negative side effects (Harrison et al., 2009) . Upregulating autophagy by RM and other small molecules has been shown to suppress aggregation of diseaselinked proteins, including huntingtin, ␣-synuclein, and to reduce cellular toxicity (Jaeger and Wyss-Coray, 2009 ). More recently, RM and its analog, have been shown to confer neuroprotection and ameliorate disease characteristics in a cellular model of spinocerebellar ataxia type 14 (Yamamoto et al., 2010) and in mouse models of Parkinson's disease (Malagelada et al., 2010) , spinocerebellar ataxia type 3 (Menzies et al., 2010) and Alzheimer's disease (Caccamo et al., 2010; Spilman et al., 2010) , which are a host of protein misfolding disorders. Independent studies using the transgenic approach confirm the involvement of autophagy in the removal of misfolded proteins, as mice deficient in autophagy genes within the CNS form intracellular inclusions and develop neurodegenerative symptoms (Komatsu et al., 2006; Mizushima and Hara, 2006) . Consistent with these findings, the presence of misfolded aggregated PMP22 within peripheral nerves is associated with the neuropathic phenotype and demyelination (Fortun et al., 2003 (Fortun et al., , 2006 Figure 3A and whole protein lysates analyzed for the levels of myelin proteins, MBP and P0. Tubulin is shown as loading control. B, Cultures from TrJ mice were treated with vehicle Ct or RM at late stage as described in Figure 3A , and stained with an anti-MBP (red) antibody. Scale bar, 40 m. Hoechst dye stains the nuclei (blue). C, The abundance (***p Ͻ 0.001, t test, mean Ϯ SEM) and the lengths of the myelin internodes (n ϭ 150 -200) were quantified in explant cultures from TrJ mice treated without (Ϫ) or with (ϩ) early or late RM treatment (**p Ͻ 0.01, t test, mean Ϯ SEM, n ϭ 3). D, TrJ DRG explants were transduced with scrambled Neg. shRNA or Atg12 shRNA and given a late treatment (Fig. 3A) with Ct or RM. Western blot analyses for Atg12-Atg5 conjugate, LC3 I and LC3 II and myelin proteins MBP, P0 at the end of the treatment paradigm are shown. Values of LC3 II/ LC3 I ratios is indicated below the representative blot. The value of LC3 II/LC3 I in Ct samples treated with Neg. shRNA was set as 1. GAPDH serves as protein loading control. Molecular mass, in kDa. E, Quantification of MBP (left) and P0 (right) protein levels in TrJ explants normalized to GAPDH. The value of MBP/GAPDH or P0/GAPDH in Ct samples transduced with Neg. shRNA was set as 1 (n.s, not significant, *p Ͻ 0.05, **p Ͻ 0.01, t test, mean Ϯ SEM, n ϭ 3). AU, arbitrary units. ment as shown here. The results presented in this study are comparable to the increase in myelination in neuropathic samples by pharmacological activation of the heat shock pathway (Rangaraju et al., 2008) , and suggest that combined pharmacological activation of the two protein quality control mechanisms, heat shock and autophagy pathways, might provide additive benefits.
RM is a widely used therapeutic compound that can elicit unique responses in different model systems and at given doses (Foster and Toschi, 2009) . With regards to neural biology, in addition to its influence on autophagy in protein aggregationlinked neurodegenerative disorders (Jaeger and Wyss-Coray, 2009 ), RM has been tested in models of brain tumors and neuronal cell death. For example, in a mouse model of tuberous sclerosis the exposure of young mice to RM was associated with improved phenotype, including enhanced myelination (Meikle et al., 2008) . In our PNS models, RM has a pronounced positive effect on activation of autophagy in SCs compared with DRG neurons, leading to an improvement in SC function, specifically myelination. We detected an increase in both the abundance and the lengths of myelin internodes indicating that RM supported the differentiation of myelinating SCs and their capacity to expand myelin sheaths (Figs. 4, 6 ). The Atg12 knockdown experiments indicate that an intact autophagy pathway is necessary for the myelin improvements in RM-treated C22 and TrJ cultures (Fig. 5, 7 ). This result reinstates our hypothesis that restoration of protein homeostasis within SCs improves the cells ability to myelinate axons. Nonetheless, contribution from other mechanisms such as the Akt pathway cannot be ruled out at this time. Akt is involved in neuregulin-mediated SC survival (Li et al., 2001 ) and in regulating myelination by oligodendrocytes (Narayanan et al., 2009) . RM may have also influenced intracellular signaling pathways within neurons, and directly or indirectly through neuronglial signaling mechanisms, facilitate myelination. In addition, RM is known to affect the endocytic pathway which appears to be important for myelination and membrane wrapping (Saito et al., 2005; Winterstein et al., 2008) . Therefore, while the rationale for our studies with RM as a therapeutic agent for PMP22-associated neuropathies stem from our investigations of PMP22 trafficking and protein aggregation, it is possible that in addition to autophagy, RM will benefit neuropathic nerves through other mechanisms. The observed improvement in samples from Wt mice supports such hypothesis. In addition, in mice, RM may suppress the immune component of the neuropathy in vivo, which could offer an additional benefit to affected nerves (Hartung et al., 1992) .
Based on the positive results presented here, we propose that RM is a suitable compound for further testing in neuropathic mice. As shown by our cellular studies, this drug is well tolerated by myelinating SCs as well as peripheral neurons and is effective at the low nM range. A recent study in aged mice showed that RM fed late in life extends lifespan without toxic side effects (Harrison et al., 2009) . RM is an FDA-approved drug that is widely used in immunosuppression following organ transplantation; however, chronic use of RM can lead to adverse side-effects (Kahan, 2008) . As SCs respond robustly to RM and the PNS is outside of the blood brain barrier, it is possible that peripheral nerves will respond to this compound more robustly than the CNS. In addition, small molecule enhancers of autophagy are being developed and identified and could offer alternatives for RM in the future (Sarkar and Rubinsztein, 2008) . In summary, our results provide further support for the involvement of autophagy as a protective pathway in PMP22-associated neuropathies and provide a positive step toward identifying pharmacologic agents for these disorders.
